Variable-density (VD) spiral k-space acquisitions are used to acquire high-resolution (0.78 mm), motion-compensated images of the coronary arteries. Unlike conventional methods, information for motion compensation is obtained directly from the coronary anatomy itself. Specifically, periods of minimal coronary distortion are identified by applying the correlation coefficient template matching algorithm to real-time images generated from the inner, high-density portions of the VD spirals. Combining the data associated with these images together, high-resolution, motion-compensated coronary images are generated. Because coronary motion is visualized directly, the need for cardiac-triggering, breath-holding, and navigator echoes is eliminated. The motion compensation capability of the technique is determined by the inner-spiral spatial and temporal resolution. Results indicate that the best performance is achieved using inner-spiral images with high spatial resolution (1.6 -2.9 mm), even though temporal resolution (four to six independent frames per second) suffers as a result. Image quality within the template region in healthy volunteers was found to be comparable to that achieved with cardiac-triggered breath-hold scans, although Key words: variable-density; template matching; coronary artery; motion compensation; real-time Diagnostic-quality MR coronary images must possess submillimeter spatial resolution. While the theoretical limits of MR do not preclude the attainment of such resolutions, respiratory-(1) and cardiac-(2) induced displacement and distortion (3) of the arteries can significantly degrade image quality. To counteract these effects, motion compensation schemes have been developed (4,5). With the evolution toward higher-resolution imaging, however, a number of concerns are arising with respect to their accuracy. Most of these approaches use indirect measures such as the position of bellows placed over the chest, ECG waveforms, and diaphragm position determined by navigator echoes to infer coronary motion. Recent studies have indicated that while indirect measures may correlate with coronary displacement, they do not give a precise characterization of the actual motion (1,6,7) . Additionally, indirect measures generally do not give any indication of the degree of distortion associated with the coronary motion (3). Furthermore, arrhythmias and/or difficulties in breathholding, commonly found in patients with coronary disease, give rise to added difficulties in the application of these techniques (8).
Diagnostic-quality MR coronary images must possess submillimeter spatial resolution. While the theoretical limits of MR do not preclude the attainment of such resolutions, respiratory-(1) and cardiac-(2) induced displacement and distortion (3) of the arteries can significantly degrade image quality. To counteract these effects, motion compensation schemes have been developed (4, 5) . With the evolution toward higher-resolution imaging, however, a number of concerns are arising with respect to their accuracy. Most of these approaches use indirect measures such as the position of bellows placed over the chest, ECG waveforms, and diaphragm position determined by navigator echoes to infer coronary motion. Recent studies have indicated that while indirect measures may correlate with coronary displacement, they do not give a precise characterization of the actual motion (1, 6, 7) . Additionally, indirect measures generally do not give any indication of the degree of distortion associated with the coronary motion (3) . Furthermore, arrhythmias and/or difficulties in breathholding, commonly found in patients with coronary disease, give rise to added difficulties in the application of these techniques (8) .
A technique that makes use of direct visualization of the coronary anatomy for motion compensation was developed recently by Hardy et al. (9) . In this "adaptive averaging" technique, a series of interleaved high-resolution echo-planar images are acquired. From each of the individual interleaves, aliased "subimages" are formed. Since these subimages are generated from every interleaf, they provide real-time visualization of the coronary anatomy. Each subimage is used to evaluate the motion present during the acquisition of the interleaf. If significant motion is detected, the interleaf is rejected. Since this motion compensation technique makes use of direct coronary visualization, the need for cardiac-triggering, navigator echoes, and breath-holding is eliminated. The major disadvantage with this approach is that the aliasing present in the subimages can obscure the anatomy of interest, and thus degrade the quality of the motion characterization. Furthermore, for a fixed readout time, the higher the resolution in the full echo-planar image, the greater the aliasing in the subimages.
In the present study, high-resolution images are generated through an adaptive imaging technique employing a series of variable-density (VD) spiral acquisitions (10) . Motion and distortion information is provided directly from real-time lower-resolution images of the coronary anatomy generated from the inner, high-density portion of the VD spiral. The major advantage of this approach is that the inner-spiral images do not contain any aliasing. As a result, the displacement and distortion of the anatomy contained within these images can be evaluated precisely and quantitatively. Furthermore, the full VD spiral may be designed to achieve an arbitrary resolution, without any concomitant degradation in the quality of the inner-spiral images. In fact, a broad range of inner/outer spatial and temporal resolutions are made possible by varying the VD-spiral design.
In this study, VD adaptive imaging is used to acquire submillimeter resolution coronary artery images. Information for motion compensation is provided from the acquired VD data alone, with no additional cardiac-triggering, navigator echoes or breath-holding used. In the following sections, the image acquisition and prospective motion compensation strategy are described. The relationship between the inner-spiral spatial and temporal resolu-tion, and motion compensation performance is explored. Results are compared with coronary images acquired with conventional cardiac-triggered breath-hold scans in healthy subjects.
THEORY

Motion Compensation With Variable-Density Spirals
The VD-spiral technique requires a time period spanning multiple cardiac and respiratory cycles to achieve high resolution. However, unlike other MR techniques, motion compensation information can be extracted directly and continuously from the data acquired for imaging the coronary artery itself. This is possible because VD spirals consist of two distinct components: a high-density inner spiral, and a low-density outer spiral (Fig. 1) . The outer spiral is designed to form a high-resolution image after n o interleaves. The inner spiral, while contributing to the high-resolution image, is designed to generate non-aliased, low-resolution images after every set of n i interleaves, where n i Ͻ n o . If n i is sufficiently small and the repetition time (TR) is short, these inner-spiral images can be acquired and reconstructed in real time. Consequently, while the total data acquisition time for the high-resolution image may be long, the coronary arteries can be visualized directly and continuously throughout the scan. From an analysis of the coronary anatomy contained within the inner-spiral images, data acquired during periods of minimal distortion can be identified. The associated full-spiral data can then be combined into a motion-compensated, high-resolution image.
Variable-Density Spiral Design
The motion compensation performance of the VD-spiral adaptive imaging technique is ultimately affected by the inner-spiral spatial and temporal resolution. In this study, the motion compensation performance of a range of innerspiral spatial/temporal resolution combinations are explored. These combinations are affected by five interdependent parameters in the VD-spiral design: number of inner/outer spirals, readout time, fraction of readout time occupied by the inner spiral, and the field of view (FOV). To provide a fair comparison between different VD-spiral types, four design constraints were enforced:
1. The total readout time was maintained constant at 16 ms to minimize the effects of off-resonance blurring (11).
FIG. 1. VD acquisition of a phantom. In this example, the full VD spiral requires 32 interleaves (ϭn o ) for 0.75-mm resolution. However, low-resolution (3.5 mm), non-aliased images can be generated continuously throughout the scan from the inner-spiral data of every set of two interleaves (ϭn i ). The pair of numbers below each spiral corresponds to the inner and outer interleaf number, respectively. In general, n o /n i inner-spiral images can be formed from a complete VD-spiral acquisition.
2. The full-spiral resolution was kept constant at 0.78 mm. 3. The FOV, and hence the minimum required sampling density for inner-and full-spiral data sets, was kept constant at 20 cm. 4. The total scan time was kept (roughly) constant for all VD-spiral types. As per the algorithm described later, total scan time is proportional to the number of identical inner-spiral images that need to be identified (ϭn o /n i ) and the number of averages (ϵNEX):
The last constraint may result in different SNRs for different VD-spiral types, since: data acquisition time ϭ n o ⅐ NEX ⅐ ͑readout time͒ [2] and SNR is proportional to ͌ data acquisition time. In this study, a variety of VD spirals were designed to provide a reasonable range of inner-spiral spatial and temporal resolutions.
VD Adaptive Imaging Technique
In VD adaptive imaging, motion compensation is accomplished by prospectively minimizing the respiratory-and cardiac-induced distortion of the coronary anatomy in a region of interest (ROI). Initially, one of the inner-spiral real-time coronary images is chosen as a reference. A subregion of the reference image containing the coronary artery of interest is saved as a template (Fig. 2a) . Subsequent acquisition strategy is designed to minimize the amount of distortion in the acquired data relative to this initial template. An overview of the VD adaptive imaging technique is given in the flow chart of Fig. 3 . After template selection, n i interleaves are acquired. The inner-spiral data from these interleaves are used to form a complete low-resolution image. However, along with the low-resolution information, n i of the n o outer spiral interleaves have also been acquired. As an example, in Fig. 1 , the indices of the acquired inner, outer interleaves would be (inner, outer) ϭ (1, 1) and (2, 2). After this initial step, a second set of n i interleaves is acquired. The inner-spiral interleaves from this set are identical to the previous ones, and can be used to form a new low-resolution image. The outer spiral interleaves, however, are different. With respect to Fig. 1 , the newly acquired indices would be (1, 3) and (2, 4) . Therefore, a total of 2 ⅐ n i unique outer interleaves, and two sets of the same n i inner-interleaves have been acquired. This process continues until all n o outer spiral interleaves have been acquired (stage A in Fig. 3 ). Note that in acquiring all n o outer spiral interleaves, a total of n o /n i inner-spiral images will have been generated due to the oversampling of the inner k-space region. After this initial data acquisition, the algorithm proceeds to reacquire data that were obtained during significant coronary distortion, as determined from the inner-spiral images.
Before continuing with a description of the data acquisition strategy, a method must be introduced for evaluating the degree of distortion within each inner-spiral image. This method is the correlation coefficient (CC) template matching algorithm (12, 13) . In this algorithm, the similarity between an inner-spiral image f( x, y) and the template h( x, y) is evaluated by defining a distance metric:
where: The CC values between the template and different locations in a subsequent inner-spiral image indicate the degree of similarity with the template at each location. The larger the CC value, the greater the similarity, up to a maximum of one for identity. In this case, the region close to the artery has a much higher CC value than the region near the chest wall. c: Image of the CC value at every location in the image. The location with the largest CC value (ϭCC max ) bears the greatest similarity to, and is the most probable position of, the template in the image.
of h( x, y). This particular distance metric is insensitive to any bias and/or gain in the image relative to the template (i.e., f( x, y) and uf( x, y) ϩ v; u, v ϭ constants, both have the same d 2 (, ) values). This property is useful for coronary artery imaging since the presence of flowing blood and/or contrast agent may alter the signal intensity over time. The second term in Eq. [4] can be recognized as the CC between f (,) and h (14) . The value of the CC therefore gives an indication of the similarity between the template and image at each location (, ) (Fig. 2b ), up to a maximum of one for identity. The location with the largest CC value (ϵCC max ) bears the greatest similarity to the template (Fig. 2c) .
Continuing on with the data acquisition process, the CC algorithm is applied to the template and each of the n o /n i images. The one with the smallest CC max value possesses the greatest distortion (i.e., the least similarity) relative to the template. The n i interleaves that were used to form this inner-spiral image (and the associated n i outer interleaves) are then reacquired (stage B in Fig. 3 ). The CC algorithm is then applied to the inner-spiral image formed from the n i newly acquired interleaves. If the new CC max value is larger than the old CC max value, its n i interleaves replace the old data (stage C in Fig. 3 ). The algorithm iterates so that the n i interleaves corresponding to the most distorted data are continually being reacquired. Note that since n i is small, the entire process of data acquisition, CC max calculation, and interleaf selection is performed in real time.
Using the above algorithm, the relative similarity of the data increases monotonically with time. This process should continue until all n o /n i inner-spiral images are identical except for noise. To identify the point at which this occurs, the expected behavior of CC max in the presence of white, Gaussian noise must be examined. Using the Fisher transform (13,15) ( z ϭ tanh Ϫ1 {CC max }), the probability density function of CC max values associated with a template consisting of M ϫ N pixels applied to an ensemble of identical images can be approximated by a Gaussian distribution, with mean and SD given, respectively, by:
where
nϭSD of the noise distribution. To evaluate the progress of data acquisition, the SD of the Fisher-transformed CC max values (ϵ CC max ) is calculated (stage D in Fig. 3 ). If systemic differences exist between the images, the expected CC max value will be given by (16):
where sys is the SD of the distribution associated with systemic error. Therefore, if CCmax Յ z [8] this implies that the inner-spiral images are identical within the limits of noise, and the algorithm terminates ( z is used rather than z because its value is independent of the noise magnitude, which is not precisely known (13, 17) ). In practice, it was found that better results were achieved if a stability criterion was added into the algorithm termination condition. Specifically, data acquisition was terminated only if, in addition to Eq. [8] , no further improvement in CC max values was encountered for 5 s. This stability criterion was found to reduce the likelihood of getting caught inside local CC max minima, as well as to provide a degree of tolerance for the approximations inherent in the Fisher transform (13, 15) . The final stage in the algorithm is combining the full VD-spiral data into a high-resolution image. Before doing so, however, any relative displacement as determined by the location of the CC max values in the inner-spiral images is removed by multiplication in k-space with a linear phase factor. Note that since the algorithm ideally identifies images that differ by at most a rigid-body displacement plus noise, a linear correction is sufficient. (For greater accuracy, displacements were calculated on images interpolated up to a resolution greater than the full-spiral image).
An example VD-spiral acquisition is illustrated in Fig. 4 . Figure 4a and b plot the mean and SD of the CC max values of the data as a function of time. As the scan progresses, the increasing CC max values indicate that the relative similarity of the inner-spiral images increases. Full VD-spiral images reconstructed at increasing scan times (Fig. 4e-g ) correspondingly demonstrate a progressive improvement in quality.
METHODS
The objective of the experiments was to evaluate the coronary imaging capabilities of the VD adaptive imaging technique. All experiments were performed on a 1.5T GE SIGNA CV/i scanner (gradient amplitude ϭ 40 mT/m, slew rate ϭ 150 T/m/s) with a BiT3 interface to a Sun Ultra 60 (360 MHz). The associated acquisition and control software was an adapted version of the Stanford real-time system (18) .
To explore the effects of inner-spiral spatial and temporal resolution on the motion compensation capabilities of the VD technique, high-resolution coronary artery images were acquired using a range of VD-spiral types (Table 1) conforming to the constraints specified in the Theory section. Each spiral was preceded by a 7-ms spectral-spatial pulse (18) with 5-mm slice thickness. To conform to gradient duty cycle limits, a TR of 40 ms was used. While the temporal resolutions in Table 1 indicate the time for complete inner-spiral image updates, a sliding window reconstruction (18, 19) provided partial updates every TR. Due to the short TR, a low flip angle of 30°was necessary to provide an adequate SNR.
Inner-spiral images were reconstructed at a matrix size of 128 ϫ 128 pixels, with zero padding where necessary. Templates, consisting of 16 ϫ 16 pixel regions containing the coronary artery, were extracted (based on visual inspection) from initial inner-spiral movie loops. A 16 ϫ 16 template size was chosen because it was large enough to encompass all coronary artery segments encountered in the experiments. Note, however, that while the total template area is constant for all VD-spiral types, not all pixels are independent at the lower inner-spiral spatial resolutions due to interpolation. Also note that a limitation with a visual template selection is that artifact may be present. To increase the likelihood of obtaining an artifact-free template, three templates from the same cardiac phase, but different cardiac cycles, were selected (again visually) and tracked simultaneously. After template selection, motion compensation was performed prospectively based on CC template matching. Algorithmic decisions were governed by the template with the smallest CC max value. Image reconstruction and CC algorithm processing required less than 40 ms, and could therefore be performed in real time. For analysis, cardiac plethysmograph and respiratory bellows waveforms were monitored, but were not used to guide the acquisition or correct the images (e.g., Fig. 4c  and d) .
To determine which VD-spiral type produced the best results, a blinded review of all images was performed by physicists with experience in coronary artery imaging (J.A.S., N.R., and G.A.W.), and a cardiac radiologist (N.M.). In this review, the template regions of each (randomlyordered) triplet of images produced by the different VDspiral types were displayed. Reviewers were instructed to rank each image triplet from best to worst based on resolution and vessel conspicuity, but to overlook differences in SNR.
The overall motion compensation performance of the VD technique was evaluated by comparing results in the template region with cardiac-triggered breath-hold coronary artery images acquired at the same nominal resolution (0.78 mm). The breath-hold acquisitions used 14-interleaf uniform-density spirals (readout time ϭ 16 ms). One interleaf, but seven 5-mm slices were acquired per heartbeat. Due to the long TR (ϭ1 heartbeat Ϸ 1 s), a large flip angle of 90°and 1 NEX provided adequate signal-tonoise ratio (SNR). Respiratory compensation was accomplished with breath-holding, and cardiac-triggering was accomplished using plethysmograph waveforms. Slice location was prescribed directly from the VD scan. The cardiac-trigger time was specified from the mean value of the plethysmograph-derived acquisition times of the final data set in each of the n i ϭ 4, n o ϭ 20 VD-spiral acquisitions (see Fig. 4d ).
Using the above methods, VD-spiral and conventionally acquired images could be acquired from the same location and cardiac phase. To compare these images, a second blinded evaluation was performed. In this evaluation, the template regions of the VD-spiral and cardiac-triggered breath-hold images were presented (in random order) to each reviewer. For each image pair, the VD-spiral image The first three rows list the parameters for the VD spirals. The last row lists the parameters for the uniform-density spiral used for the cardiac-triggered breath-hold scan. ⌬x i , ⌬x o are the inner-and full-spiral spatial resolutions respectively. The listed temporal resolution (⌬t) is the time required for a full inner-spiral image update with a TR of 40 ms. The last column is the fraction of readout time occupied by the inner spiral.
presented was the one selected as the best from the three different VD-spiral types in the earlier blinded triplet evaluation. A score was assigned according to the image on the left being significantly poorer, poorer, equivalent, better, or significantly better than the image on the right. Reviewers were instructed to base their evaluations on image resolution and vessel conspicuity, but to overlook differences in SNR and contrast. For further evaluation, coronary vessel diameter, SNR, contrast-to-noise ratio (CNR), and visible vessel length were also compared between each image pair. A total of nine coronary artery segments in seven healthy volunteers were imaged using a variety of slice orientations. On three subjects, only an n i ϭ 4, n o ϭ 20 VD-spiral image was acquired. All experiments were conducted in compliance with institutional ethics guidelines for human studies.
RESULTS
A comparison of the results of imaging with the three VDspiral types used in this study is given in Fig. 5 . The different inner-spiral spatial resolutions of each of the VD spirals can be observed in Fig. 5a -c. To provide a fair comparison, all inner-spiral images were interpolated to the same number of pixels as the full-spiral images, displayed in Fig. 5d -f. The resolution in the full-spiral images is substantially improved relative to the inner-spiral ones. Furthermore, despite the fact that data acquisition occurs over multiple cardiac and respiratory cycles, the full-spiral images have no obvious artifacts relative to the "instantaneously" acquired inner-spiral images. This provides the first evidence that the VD algorithm is successful in compensating for the effects of coronary motion. Due to the variability in total data acquisition time (in accordance with design constraint #4), the full-spiral images possess different SNRs (listed in the figure). These vary roughly as the square root of Eq. [2] , as expected. In terms of vessel sharpness, all full-spiral images appear to be similar. However, Fig. 5f actually represents one of the better n i ϭ 2, n o ϭ 28 images. A more representative result is Fig. 6 . In this case, the coronary in the n i ϭ 2, n o ϭ 28 image appears to be significantly less sharp than in the other full-spiral images. Between the two higher inner-spiral spatial resolution images, motion compensation performance appears to be roughly equivalent (although the n i ϭ 6, n o ϭ 30 acquisition may be slightly better). Table 2 lists the data from the blinded evaluation of the template regions of images corresponding to the three VD-spiral types. In accordance with the above observations, the data indicate that image quality increases with improving inner-spiral spatial resolution. However, the improvement at the two highest inner-spiral spatial resolutions is less substantial than at the lowest.
Further support for the observed effects of inner-spiral spatial and temporal resolution is supplied by an examination of the elapsed time between the VD spiral interleaf acquisitions and the peak value of the plethysmograph waveform (ϵ⌬R). A typical example is plotted in Fig. 4d . As the scan progresses, the distribution of ⌬R values among the VD-spiral interleaves converges. The distribution of ⌬R values among the final set of VD spiral interleaves provides an indication of the technique's ability to identify data from the correct phase of the cardiac cycle. The sixth column in Table 4 lists the SD of the ⌬R values (ϵ ⌬R ) for the different VD-spiral types. The n i ϭ 4, n o ϭ 20 and the n i ϭ 6, n o ϭ 30 values are similar, but the ⌬R value of the n i ϭ 2, n o ϭ 28 VD spiral is significantly larger. This implies that the n i ϭ 2, n o ϭ 28 type is poorer at identifying data from the correct phase of the cardiac cycle, which supports the previous observations.
The results of the blinded comparison between the VDspiral and cardiac-triggered breath-hold images in the template region are listed in Table 3 . The data indicate that the VD-spiral technique provides images of equal or better quality in the template region in roughly half the cases. This implies that local motion compensation performance is roughly equivalent between the two techniques. An example comparison is illustrated in Fig. 7 . In the template region around the right coronary artery (a zoomed-in view is illustrated in Fig. 7e and f) , the majority of the reviewers scored the template regions of the images as being of equivalent quality. Note, however, that in regions remote from the coronary artery (e.g., the ventricular wall border), some edge blurring is observed in the VD-spiral image. This is likely due to the fact that, since cardiac motion is non-rigid body (2), motion compensation was not necessarily optimal for locations outside the template region. As another example, Fig.   4g and h (zoomed-in view in Fig. 4i and j) illustrate a case in which reviewers scored the VD-spiral images as having better quality at the template location. Figure 6 illustrates an example in which the VD-spiral image (Fig. 6a) was rated as having an inferior quality to the cardiac-triggered breath-hold scan at the template region ( Fig. 6e and f) .
The results of the quantitative comparison between the VD-spiral and cardiac-triggered breath-hold images are listed in Table 4 . The second column compares the difference in measured coronary vessel diameters (ϵ⌬D). (Only the n i ϭ 4, n o ϭ 20 images were used for comparison, because these were the acquisitions that were used to directly prescribe the cardiac-triggered breath-hold scans). Since the maximum ⌬D is less than half a pixel, there is no significant difference between these two types of scans. The fifth column lists the difference in visible vessel length in the two types of images.
The results indicate only a slight difference between the two types of scans, likely accounted for by small differences in slice location or position within the cardiac cycle. The overall visible vessel length varied between 19 and 33 mm, which is short in comparison with recent reports (20) . This is because imaging was restricted to 2D, and scan planes were not optimized for maximal vessel visibility.
In comparing the SNR between the VD-spiral and cardiac-triggered breath-hold images, one must consider that all VD-spiral scans had longer data acquisition times (Ն20 interleaves and Ն2 NEX vs. 14 interleaves and 1 NEX for the cardiac-triggered breath-hold scans). When these factors are taken into account, the third column in Table 4 indicates that the SNR efficiency ͑ ϵ SNR/ ͱdata acquisition time͒ of the VD images is about half that of the cardiac-triggered breath-hold scans. This discrepancy is likely due to differences in flip angle, since the theoretical ratio of 0.5 (ϭ sin(30°)/sin(90°)) is close to the experimentally observed value. This implies that inflow effects are likely the dominant factor in determining SNR in both cases. Similar results are also obtained when the CNR of the two scans is compared (fourth column of Table 4 ).
DISCUSSION
Effect of Inner-Spiral Spatial/Temporal Resolution on Motion Compensation Performance
The performance of the VD technique is dependent on the inner-spiral spatial and temporal resolution. In this study, it was found that effects of spatial resolution dominate. In the section below, these results are interpreted.
Effects of Inner-Spiral Spatial Resolution
At first, one might expect that it would be difficult to correct for the effects of motion in a high-resolution image Entries represent the percentage of time that the VD spiral images were ranked as significantly poorer, poorer, equivalent, better, and significantly better than the corresponding cardiac-triggered breath-hold scans. A total of nine image pairs were evaluated by four blinded reviewers.
based on motion-tracking information acquired at a much lower spatial resolution. However, as pointed out by Hajnal et al. (21), a distinction must be made between image resolution and the ability to detect displacement. In MR images, which are strictly band-limited by the nature of the k-space acquisition, relative displacement can be determined to an arbitrary degree of precision through interpolation, regardless of the initial resolution. In practice, such precision will be possible only if all images are identical (in the ROI) except for rigid-body translations. The objective of the CC technique is to identify a set of such images. Its ability to do so, however, is limited by the presence of noise. A description of the noise sensitivity of the CC technique is given (via Eqs. [5] and [6] ) by the CC max SNR:
[9]
Consider an original template with resolution ␦ 0 , noise n 0 , pixel SD h 0 , and size M ϫ N. As the resolution (␦) improves, SNR CC max can be rewritten as a function of ␦: [10] assuming that:
n ϰ 1/͓͑pixel area͒ ͱdata acquisition time͔.
A plot of Eq. [10] using typical values from the experiments is displayed in Fig. 8 . If the inner-spiral resolution is too low, the technique's ability to identify appropriate data may be limited by low SNR CC max . As the resolution improves, SNR CC max increases. This may explain why full-spiral image quality was found to increase with improving inner-spiral spatial resolution. Note, however, that a point is reached where the benefits of increased number of pixels in the tem- The second column is the maximum difference in coronary artery diameter (⌬D) between each pair of VD-spiral and cardiac-triggered breath-hold images. The third and fourth columns list the ratio of the SNR, and CNR per square root data acquisition time between the VD-spiral and cardiac-triggered breath-hold images at the coronary artery. The CNR was calculated as the difference between the mean of the ten largest pixel intensities in the coronary artery, and the mean of the ten lowest pixel intensities in the template. The fifth column lists the difference in vessel length visible between the VD-spiral and cardiac-triggered breath-hold scans. The sixth column lists the standard deviation of the ⌬R values in the final images for each of the VD-spiral types. The last column is the relative pixel displacement (⌬y) in the final VD data sets (before it is removed). All entries are listed as the mean Ϯ standard deviation calculated over the nine coronary artery segments evaluated in this study. In two images, however, vessel length and diameter comparisons could not be performed due to inadequate image quality and inappropriate vessel orientation.
plate loses out to the increased noise associated with better resolution. This places a limit on the improvement in performance that can be expected through increased inner-spiral spatial resolution.
Effects of Inner-Spiral Temporal Resolution
In the present study, the temporal resolution ranged from 80 ms to 240 ms (see Table 1 ). By way of comparison, conventional scans typically employ a temporal window of at most 150 ms, and frequently less than 30 ms (22, 23) . Data acquired over an extended period of time may experience temporal blurring (24 -26) . This blurring reduces the effective resolution of the inner-spiral images and, via Eq. [10] , reduces the sensitivity of the CC algorithm's ability to identify acceptable data. In this study, it was found that the inner-spiral temporal resolution did not play as strong a role as inner-spiral spatial resolution in determining motion compensation performance. In part, this may be due to the fact that partial image updates were provided at higher temporal resolutions using a sliding window reconstruction. An additional consideration is that template selection may have been biased toward points in the cardiac cycle with minimal motion, since these periods would have corresponded to the best inner-spiral images. On the other hand, temporal resolution limitations may have been the reason why only minimal improvement in motion compensation performance of the n i ϭ 6, n o ϭ 30 over the n i ϭ 4, n o ϭ 20 was observeddespite the substantial improvement in inner-spiral spatial resolution and SNR CC max (Table 1 and Fig. 8) .
Comparison of the VD-Spiral Technique With Conventional Methods
Breath-Holding
The results of this study indicate that image quality was roughly comparable within the template regions of the VD-spiral and cardiac-triggered breath-hold images. Since these two very different approaches provide equivalent image quality, this suggests that, at the current resolution (0.78 mm), both techniques are proficient at suppressing the effects of coronary motion in healthy subjects. This provides a strong motivation for the exploration of higher resolutions with the VD-spiral technique. An advantage of the VD-spiral technique is that, since direct coronary visualization is used for compensation, it is not expected to be adversely affected in subjects with arrhythmias, for whom cardiac-triggering is difficult and/or breath-holding is not possible. While such constraints were not an issue in the healthy population examined in this study, they are much more likely to occur in elderly patients with coronary disease (8) . Furthermore, the longer scan times and greater SNR requirements associated with even higher-resolution acquisitions may actually preclude the use of breath-holding entirely. On the other hand, the greater SNR efficiency and multislice capability of the cardiac-triggered breath-hold method provide it with advantages over the VD-spiral technique.
Navigator Echoes
The other major approach currently used for motion compensation is navigator echoes. Like the VD-spiral technique, navigator echoes are potentially more applicable to the patient population than breath-holding (8) . Navigatorecho methods rely on cardiac-triggering, however, and are thus still sensitive to arrhythmias.
The VD-spiral technique may provide improved efficiency over navigator methods due to the nature of the data acquired. If one examines Fig. 4c , a typical experimental result, the distribution of the bellows-derived respiratory positions as a function of scan time does not appear to exhibit a particularly strong convergence. This implies that the VD-spiral technique is tolerant of a large range of respiratory phases. To further elucidate the nature of the data, one can examine the displacement in the final VD data set. The last column of Table 4 indicates displacements up to 8 mm. While the displacement tolerance of some navigator techniques lie within this range (27) , this relates specifically to diaphragm position. A number of studies have demonstrated that actual coronary displacement may be less than half this value (1,7). In contrast, values listed in Table 4 refer to actual coronary displacement. On the other hand, recent studies using slice-following techniques demonstrated significantly improved navigator-echo efficiencies (տ70%) (28) . Further study is therefore required to elucidate the exact nature of the data selected by the two approaches.
Limitations and Future Directions
The results of this study demonstrated that the VD-spiral technique possesses a number of advantages relative to conventional methods. However, there are also a number of drawbacks. The first drawback is the poor SNR efficiency associated with the short TR and flip angle of the technique (about half that of conventional approaches). As noted earlier, the signal strength in both cases appears to be dominated by inflow effects. This implies that, in ret- rospect, the empirically-selected 30°flip angle for VDspirals was likely too small, and should be increased in the future. Another possible method to improve SNR is the use of intravascular contrast agents (29) .
A second limitation is that because the CC algorithm is targeted at the template region specifically, motion compensation may be degraded in remote areas. While larger templates could be used to overcome this problem, reduced scan efficiency may result, as the probability of rigid-body motion occuring over the larger area would be reduced. An alternative strategy could be to use a grid of small templates covering a larger total area (30) . In this case, a large area could be covered, but efficiency may not suffer because each grid element could be tracked independently.
The ultimate motion compensation performance of the VD-spiral technique is limited by the inner-spiral spatial and temporal resolution. In the future, strategies that provide added flexibility to the VD-spiral design may result in further performance improvements. One possible approach is to utilize partial k-space acquisitions. A recent study has demonstrated the extension of real-time imaging into the submillimeter domain using this approach (29) . Another strategy is to employ one of the recently developed parallel imaging strategies (e.g., sensitivity encoding (SENSE) (31, 32) or simultaneous acquisition of spatial harmonics (SMASH) (33) ). This would provide added flexibility in trading off the inner-spiral spatial and temporal resolution, over and above that achieved with the native VD-spiral design. Another possible means of expanding the range of spatial/temporal resolution could be the use of non-spiral VD trajectories such as VD-echo-planar imaging (EPI) (34) or projection reconstruction (35) . Schaffter et al. (36) have already demonstrated a form of direct motion compensation by employing the latter approach. Pipe (37) has also developed a direct motion compensation method employing a related VD strategy.
Another limitation of the VD-spiral technique is that it is currently restricted to 2D imaging. If 3D adaptive imaging could be achieved, a greater extent of the tortuous coronary tree could be visualized, and SNR may be improved. To implement 3D adaptive imaging, one could perform a full 3D VD-spiral acquisition. The problem with this approach is that a real-time implementation is unlikely. Another possibility is to use multiband encoding. In this case, the major challenge is to ensure that the inner-spiral image appearance is consistent for all basis function acquisitions. Presently, some early work on this approach has been undertaken using a complex Hadamard basis set (38) .
A final limitation of the present implementation of the VD-spiral technique is that data from only one point in the cardiac cycle are acquired. In the future, the technique could be extended to an arbitrary number of cardiac phases by tracking multiple templates simultaneously from different phases of the cardiac cycle. An initial experiment was performed to demonstrate the feasibility of such an approach using five templates from different cardiac phases. The results are displayed in Fig. 9 . The different phases of the heart cycle can be inferred by noting the changing orientation of the coronary anatomy from one image to the next.
CONCLUSIONS
The results of this study indicate that the VD adaptive imaging technique is capable of generating submillimeter coronary artery images. Motion compensation for these scans was performed prospectively, with information provided directly from the coronary anatomy. Motion compensation performance was found to be affected by the inner-spiral spatial and temporal resolution, with innerspiral spatial resolution being the primary determinant of final image quality. At the highest inner-spiral spatial resolutions, however, poor temporal resolution may have limited the performance of the technique.
A drawback of the VD spiral technique is that, due to the short TR and low flip angle, SNR is reduced relative to conventional scans. This limited the efficiency of the algorithm, as multiple averages were required to achieve adequate SNR. However, unlike conventional methods, the VD-spiral technique did not require cardiac-triggering, breath-holding, or navigator echoes. Consequently, its performance is not expected to be affected in patients in whom arrhythmias may be present, and/or for whom breath-holding may not be possible. In the current study of healthy subjects, results indicated that image quality in the template region was roughly equivalent to conventionally acquired cardiac-triggered, breath-hold acquisitions at the 0.78-mm resolution examined. A number of proposals have been put forth that have the potential to improve the performance of the technique. The VD-spiral adaptive imaging technique may thus prove valuable in expanding the capability and applicability of MR coronary artery imaging.
